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T-cell-mediated immunity has been linked not only to a variety of heart diseases, including classic inflammatory diseases such
as myocarditis and post-myocardial infarction (Dressler’s) syndrome, but also to conditions without an obvious inflammatory
component such as idiopathic dilated cardiomyopathy and hypertensive cardiomyopathy. It has been recently proposed that
in all these conditions, the heart becomes the focus of T-cell-mediated autoimmune inflammation following ischaemic or in-
fectious injury. For example, in acute myocarditis, an inflammatory disease of heart muscle, T-cell responses are thought to
arise as a consequence of a viral infection. In a number of patients, persistent T-cell-mediated responses in acute viral myo-
carditis can lead to autoimmunity and chronic cardiac inflammation resulting in dilated cardiomyopathy. In spite of the major
progress made in understanding the mechanisms of pathogenic T-cell responses, effective and safe therapeutic targeting of
the immune system in chronic inflammatory diseases of the heart has not yet been developed due to the lack of specific di-
agnostic and prognostic biomarkers at an early stage. This has also prevented the identification of targets for patient-tailored
immunomodulatory therapies that are both disease- and organ-selective. In this review, we discuss current knowledge of the
development and functional characteristics of pathogenic T-cell-mediated immune responses in the heart, and, in particular, in
myocarditis, as well as recent advances in experimental models which have the potential to translate into heart-selective
immunomodulation.
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Introduction
Inflammatory processes underlie many diseases associated
with injury of the heart muscle, which in the long term
can cause structural and functional deficits and defects.
T-cell-mediated immunity has been linked not only to a vari-
ety of heart diseases, including classic inflammatory diseases
of the heart, such as myocarditis and post-myocardial infarc-
tion (MI) (Dressler’s) syndrome, but also to conditions
without an obvious inflammatory pathogenic component
such as hypertensive and diabetic cardiomyopathy. Each of
these pathological states has its own unique features in
aetiology, pathogenesis and disease evolution, but they are
also characterized by shared inflammatory mechanisms,
and, in particular, a pathogenic role of T-cell responses. T-cell
activation in these conditions results from the interaction of
an external environmental trigger (viral infection in myocar-
ditis) or an endogenous stimulus (mechanical or oxidative
stress in hypertension and diabetes) with the host’s immune
system. Persistence of the pro-inflammatory stimulus or the
development of autoimmunity leads to chronic myocardial
inflammation, which causes continuous remodelling and
matrix turnover leading to pump dysfunction. In this
context, the balance of immune response by the host is a
major determinant of patient outcome. While the immune
response is activated to eliminate as many virus-infected cells
as possible to control the infection, it needs to be modulated
and turned off when appropriate. Ineffective immune
homeostasis leads to the progression of inflammatory
response, resulting in organ dysfunction.

A major clinical challenge in the management of these
conditions is the identification of patients in which the im-
mune response has not been turned off. For this reason, ther-
apeutic targeting of the immune response by conventional
immunosuppressive agents remains controversial.

In this review, we summarize the immunological check-
points in the pathogenesis of myocardial inflammation in
different conditions, with a focus on myocarditis as a para-
digm with a well-established immunological basis and which
remains one of the major clinical challenges in current
cardiology. Further, we will discuss potential alternatives to
conventional immunosuppression arisen from studies of

heart allograft rejection treatment, which, as a consequence
of the reduced side effects, might provide a viable option for
the management of cardiac inflammation in other condi-
tions. Finally, based on recent findings from our group, we
will put forward an alternative strategy to monitor and
manipulate heart-specific T-cell responses.

Myocarditis: aetiology, pathogenesis
and diagnosis

Aetiology
Myocarditis, an inflammatory disease of heart muscle, is a
common cause of heart failure in young patients (Andrews
et al., 2008). Although cardiotropic viruses are considered to
be the leading aetiological agents of myocarditis in North
America and Europe (Cooper, 2009), the cause of disease in
most patients is unknown (Stewart et al., 2011). Dilated car-
diomyopathy (DCM) with chronic congestive heart failure
is the major long-term sequelae of myocarditis in a minority
of patients (Cooper, 2009). When the underlying aetiology
is discovered, it can be classified into infective or non-
infective causes (Table 1).

Incidence and prognosis
The relative infrequency, heterogeneity and the limitations of
current diagnostic strategies make it difficult to diagnose and
therefore estimate the incidence of the various presentations
of myocarditis. One Scandinavian study looking at autopsy
reports from 10 years and applying the Dallas criteria,
suggested the incidence is 1.1% in this setting (Gravanis
and Sternby, 1991). The most recent Global Burden of
Disease Study has suggested a global age-standardized rate
of myocarditis of 21.8 cases per 100 000 patients in 2013 –

a reduction of 4% versus 1990 (Global Burden of Disease
Study, 2015).

There are few long-term studies of myocarditis; however,
the few studies available suggest that DCM develops in 10
to 20% of patients following an acute illness (Abe et al.,
2013; Rose, 2014). Myocarditis is also an important cause
of sudden cardiac death (SCD), accounting for between 3
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and 15% of SCD cases (Virmani et al., 2001; Fragkouli and
Vougiouklakis, 2010; Choi et al., 2013; Suarez-Mier et al.,
2013; Wang et al., 2013). The prevalence of myocarditis
as a cause of SCD in children appears to be higher than
in adults. A study in Canada reviewed almost 5000
autopsies of 0 to 17 year olds and found myocarditis as
a cause of SCD in 35% (Ilina et al., 2011). The prognosis
of myocarditis can vary according to underlying aetiology,
symptoms and ventricular dysfunction, but it is poorly
described.

Pathogenesis: initial innate immune response
Viral infection of the heart is recognized by pattern recogni-
tion receptors (PRRs), an example of a PRR is the transmem-
brane or intracellular toll-like receptor (TLR), expressed by
antigen-presenting cells such as the dendritic cells (DCs).
TLRs recognize simple molecules and patterns of molecular
structure known as pathogen-associated molecular patterns
that are part of micro-organisms but not of self. Both
infectious and non-infectious causes of myocarditis can also
trigger TLR signalling through signals of tissue damage –

damage-associated molecular patterns.
Murine and human studies of myocarditis have shown a

role for TLR 2, 3, 4, 7 and 8 in the development of myocarditis
in infectious and non-infectious models of myocarditis
(Triantafilou et al., 2005; Negishi et al., 2008). Although TLR
expression in mice and humans is not completely overlap-
ping (Bryant and Monie, 2012) and the downstream effects
of TLR activation are particular to each TLR, common to all
is a pro-inflammatory response. For example, following
TLR2 stimulation by damaged self-protein (cardiac myosin –

used to model experimental autoimmune myocarditis),
monocytes have been shown to produce pro-inflammatory
cytokines such as IL-6, IL-8 and TNF-α (Zhang et al., 2009).
Engagement of specific TLRs and activation of their
downstream mediators can influence the outcome of the
myocardial inflammation by activating either protective or
deleterious immune responses. Signalling of the adapter pro-
tein Myd88 downstream of TLR4 leads to decreased survival
in a mouse model of Coxsackie virus B3 (CVB3)-myocarditis
through activation of NF-κB, while the adapter protein TRIF
is important for survival through up-regulation of the

antiviral IFN-β response (Riad et al., 2011, Fuse et al., 2005).
The CVB3 myocarditis model involves intraperitoneal infec-
tion with CVB3 – this model can result in two phases of infec-
tion, including the late (chronic) stage in some strains ofmice
– similar to myocarditis infection in humans.

Viral infection of heart muscle also elicits the activation
of NK cells – a form of innate lymphoid cell that circulates
in the blood responding to viral and intracellular infec-
tions. Animal models of viral myocarditis have shown a
protective role of NK cells in inhibiting viral replication
and eosinophil infiltration into the myocardium – limiting
cardiac inflammation and fibrosis (Godeny and Gauntt,
1986; Ong et al., 2015).

Pathogenesis: adaptive immune response
The animal study by Woodruff et al in 1974 provided an
insight into the role of the adaptive immune system, and spe-
cifically the T-cell response, in the mouse viral myocarditis
model (Woodruff and Woodruff, 1974). Coxsackie viral
replication was shown to be identical in mice with or without
(thymectomized mice) T-cell responses during the first week
of infection. Administration of anti-thymocyte serum to
those mice with a thymus who had survived the first week
of the study then led to reduced inflammation and tissue in-
jury in infected hearts. T-cell deprivation also protected
thymectomized mice from a lethal infection. The authors
suggest that the viral replication is halted during the first
week of infection by the innate immune system followed by
a predominantly β cell response. The subsequent T-cell
response, from 8 to 14 days post-infection, has then been
shown to be associated with myocyte injury.

Whereas both direct injuries due to the infection and host
immune responses can cause temporary cardiac dysfunction,
strong evidence suggests that T-cell-mediated autoimmunity
is the mechanism driving events from viral infection to
chronic inflammation (Liu et al., 2012; Liu et al., 2013). A
large number of studies have characterized the immune
response in different murine models of autoimmune myocar-
ditis. For example, cardiac myosin (Myhca)-induced murine
autoimmune myocarditis is considered an accurate model of
the pathogenic mechanisms underlying the human condi-
tion (Rose, 2014). Myhca is the major autoantigen associated

Table 1
Causes of myocarditis

Idiopathic

Infective Viral Coxsackie virus A/B, adenovirus, CMV, echovirus, influenza, polio, hepatitis,
HIV, enterovirus, parvovirus B19

Bacterial Streptococcal, Diphtheria, Spirochetal (Lyme disease, leptospirosis)

Parasitic Trypanosoma cruzi, Toxoplasma gondii

Fungal –

Non-infective Toxic Amphetamines, cocaine, ethanol

Drugs Hypersensitivity reactions (methyldopa, penicillin, sulphonamides)

Radiation –

Autoimmune Autoactivated T cells and organ specific antibodies

(CMV, cytomegalovirus; HIV, human immunodeficiency virus)
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with autoimmune myocarditis both in humans and in mice
(Pummerer et al., 1996; Mascaro-Blanco et al., 2008). All of
the mouse strains susceptible to myocarditis following CVB3
infection develop disease approximating to post-viral myo-
carditis, following immunization with Myhca (Neu et al.,
1987). In contrast, C57/BL10 and C57/BL6 mice, which are
resistant to post-infection chronicmyocarditis, fail to develop
disease following immunization with purified mouse cardiac
myosin. Although the pathogenic events that lead to the de-
velopment of spontaneous autoimmunity against Myhca in
humans are not reproducible in thesemodels, in which active
immunization againstmyosin is required, experimentalmyo-
carditis studies have provided important clues on the effector
mechanisms of tissue damage.

Studies with knockout mice and adoptive transfer experi-
ments have indicated an instrumental role for CD4+ T cells in
the development of myocarditis in this model, similar to hu-
man myocarditis (Afanasyeva et al., 2004). In a landmark
study of an experimental model of CVB3-myocarditis, CD4+
deletion led to amelioration of myocarditis whereas CD8+ de-
letion alone had no effect on the myocardial inflammation;
deletion of both CD4+ and CD8+ had the strongest protective
effects (Opavsky et al., 1999). These results underline the
importance of CD4+ helper T cells in the pathogenesis of
myocarditis. Immune responses in myocarditis have been
associated with the production of T-cell cytokines, which,
in experimental models, can dictate the course of disease
progression and its outcome (Afanasyeva et al., 2001).

There are different ILs involved in the varying forms of
myocarditis – for example IL-12 (an inducer in Th1
responses), IL-4 (a Th2 inducer) and IL-23 (this leads to a
sustained Th17 response). Although IL-4 has been linked
with more severe myocarditis, another cytokine that is part
of the Th2 response (IL-13) has been associated with
diminishing disease (Rose, 2011). Further work from 2010
suggested an important role for IL-17 (produced by Th17
cells) in the progression to DCM in an experimental autoim-
mune model of myocarditis in mice, promoting a fibrotic
response (Baldeviano et al., 2010).

Another T-cell subset – the CD4 + CD25 + FoxP3 + T regu-
latory (Treg) cells (Fontenot et al., 2003) – is increasingly being
recognized as crucial to the resolution or progression of myo-
carditis. Having a higher proportion of Treg cells has been
shown to be protective against both viral and autoimmune
myocarditis in mouse models. In particular, in autoimmune
myocarditis, a lower proportion of Treg cells has been shown
to be associated with a greater Th17 response andmore severe
autoimmune myocarditis (Chen et al., 2012). Prophylactic
administration of naive Treg cells in a mouse model of CVB3
myocarditis led to decreased myocardial inflammation and fi-
brosis mainly through the TGF-β-Coxsackie-adenovirus re-
ceptor pathway (Shi et al., 2010).

Patients with idiopathic DCM appear to have a reduced
ratio of Treg /Th17 cells in the blood (Li et al., 2010). We also
found an imbalance between CD3+ and FoxP3 expression in
the endomyocardial biopsy (EMB) from patients with DCM
and chronic myocardial inflammation (Savvatis et al.,
unpublished observations). Furthermore, effector T cells
seem to acquire a resistance to the suppressive effects of Treg

cells in patients with DCM (Tang et al., 2010). Thus, following
acute myocarditis, development of chronic myocardial

inflammation may result from an imbalance between pro-
and anti-inflammatory T-cell types (Figure 1).

Pathogenesis: immunological role of gender
differences in myocarditis
Another finding from animal studies was that hearts from
male mice showed greater inflammation and necrosis follow-
ing viral infection than those from female mice (Corsten
et al., 2012). Along with this difference in animals, male
humans are also more likely to be affected by myocarditis.
One study reviewed almost 10 years of hospital admissions
and found that for every four patients diagnosed with myo-
carditis, three are male (Kyto et al., 2013). A mechanism un-
derlying this difference was suggested by work from Huber
et al in 1990s, suggesting that the reaction of male mice to
Coxsackie virus is dominated by CD4+ Th1 cells (leading to
increased IFN-γ and IL-2), whereas in female mice, it is driven
by Th2 cells (IL-4 and IL-5 producing cells) (Huber and
Pfaeffle, 1994). If the male mice are treated with oestradiol
or the female mice with testosterone before infection, this al-
ters the Th cell differentiation. Treatment of female mice with
anti-IL-4 antibody led to increased susceptibility to myocar-
ditis and greater mortality. In this subgroup, IL-4 precursors
were significantly reduced, as expected; IFN-γ precursors were
increased, suggesting that the Th1 response is suppressed by a
Th2 response.

Delving deeper into the causes for these sex differences,
more recent studies suggest a role for TLRs. Roberts et al.
have demonstrated that both male and female mice show
an increased Th1 response following exposure to TLR 2
and four ligands (Roberts et al., 2013). Notably, treatment
with the TLR 2 ligand (lipopolysaccharide) resulted in a
decreased percentage of Treg cells in male mice; the same
treatment did not affect the percentage of Treg cells in
females. Whether a similar sex-related difference can be
found in humans is not clear.

Diagnosis
Due to the heterogeneity of symptoms and signs and the ab-
sence of reliable and powerful diagnostic tools, myocarditis is
a challenging diagnosis (Stewart et al., 2011). It often mimics
other common cardiac diseases including acute coronary syn-
drome, representing the majority of patients with acute car-
diac symptoms associated with biochemical evidence of
cardiac damage without angiographic evidence of a plaque
(Monney et al., 2011). Regardless of the clinical presentation,
confirming the absence of angiographically detectable ob-
structive coronary disease is often an essential step in the di-
agnostic work-up. EMB, interpreted according to the Dallas
histopathological criteria of 1986 (based on demonstrating
inflammatory infiltrate and myocyte necrosis), has been seen
as the diagnostic gold standard. The use of more modern
techniques such as immunohistochemistry, and PCR can
help to improve the sensitivity of EMB and differentiate be-
tween causes and types of myocarditis. For example, on
EMB in giant cell myocarditis (GCM), there are significantly
more eosinophils and necrosis, whereas in cardiac sarcoidosis
(CS), there are more signs of fibrosis and granulomas seen. If
EMB is able to exclude infective causes of myocarditis
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(negative viral PCR on EMB), then this can be used as evi-
dence to consider the use of immunosuppressive therapy.

Contribution of immune inflammation
to other cardiovascular diseases

Hypertension, cardiac hypertrophy and
remodelling
Globally, hypertension is one of the most prevalent chronic
diseases, and is associated with atherosclerosis and its compli-
cations as well as heart failure. Increasing evidence suggests
that immunological mechanisms are involved in mediating
the complications of hypertension, including cardiomyopa-
thy (Nataraj et al., 1999; Muller et al., 2002; Crowley et al.,
2010; Madhur et al., 2010). For example, macrophage and
lymphocyte interstitial infiltration is a key feature of

angiotensin (Ang) II-induced hypertension (Muller et al.,
2002), where T cells increase in the adventitia of blood vessels
and secrete cytokines. These include TNF-α and IL-17, which
promote atherosclerosis, as well as NADPH oxidase (Guzik
et al., 2007; Madhur et al., 2010), which induces high blood
pressure. In line with these observations, immunosuppres-
sion reduces hypertension-induced end-organ damage while
immunodeficiency decreases high blood pressure (Nataraj
et al., 1999; Crowley et al., 2010).

A number of studies have investigated the pathogenesis of
inflammation in hypertension. Chronic hypertension has been
shown to activate DCs (Abbas et al., 2015), the initiators of
adaptive immunity. Reactive oxygen species (ROS) produced
by DCs lead to the accumulation of proteins that were oxida-
tively modified by highly reactive γ-ketoaldehydes (isoketals)
(Kirabo et al., 2014). These isoketal-modified proteins activate
DCs and are presented to autoreactive T cells inducing their ac-
tivation, particularly of CD8+ cells and IFN-γ and IL-17A, with

Figure 1
Panel A: Hypertension: (1) Murine models have demonstrated renal production of IL-6 following exposure to Ang II (AT II). (2) IL-6 is associated
with an enhanced CD4+ Th17 subtype response as well as diminishing the differentiation of T cells towards Treg cells. (3) IL-17, from Th17 cells,
has been shown to contribute to endothelial dysfunction, hypertension as well as deleterious cardiac remodelling in mouse models. Panel B: Myo-
cardial inflammation: (1) HGF has been shown to be present following myocardial inflammation in a mouse model. (2) This can then act on the
HGF receptor, c-Met, on naïve T cells in draining LNs. (3) The HGF–cMet interaction on naïve T cells during priming has then been shown to in-
struct T cell cardiotropism (4). Panel C: Transplant models: Following transplantation (1), antigen presenting cells (APC) can then activate naïve T
cells (2) via both the MHC-T cell receptor interaction as well as the co-stimulatory actions of B7 on the APC with CD-28 on the T cell surface. Naïve
T cell activation (3) can then lead to effector T cells that may mediate transplant rejection (4). As described in the text, blockade of the CD-28 re-
ceptor improved graft survival in animal models (5).
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the latter known to elevate blood pressure (Nguyen et al., 2013).
Plasma F2-isoprostanes, which are formed in concert with
isoketals, were found to be elevated in humans with treated hy-
pertension and were markedly raised in patients with resistant
hypertension. Isoketal-modified proteins were also markedly
elevated in circulating monocytes and DCs from humans with
hypertension (Kirabo et al., 2014).

Remodelling of the myocardium is a pathological feature
of many cardiac diseases including hypertension, cardiomy-
opathy, valvular dysfunction and MI. Ventricular hypertro-
phy in these conditions occurs in response to chronic
pathological stimuli such as blood pressure and volume
overload, sarcomere gene mutations and neurohumoral
activation (Frieler and Mortensen, 2015). The major conse-
quence of prolonged hypertrophic remodelling is cardiac
dysfunction leading to heart failure or cardiac arrest due to
arrhythmia. Although cardiac remodelling is initiated by a
variety of pathological stimuli, the hypertrophic response
presents shared features regardless of the causative mecha-
nism, including increased cardiomyocyte mass, sarcomere
rearrangement and extracellular matrix deposition.

This complex pathological process is also characterized by
inflammation and immune cell activation, involving a num-
ber of inflammatory cell types, including DCs, macrophages
and T lymphocytes (Frieler and Mortensen, 2015). There also
appears to be a role of Treg cells in hypertension-induced car-
diac remodelling. In an Ang II-infusion model of hyperten-
sion in mice, adoptive transfer of Treg cells resulted in
marked reduction in CD4+ and CD8+ T cells as well as macro-
phage infiltration (Kvakan et al., 2009). This was associated
with a reduction in cardiac hypertrophy and electrical remod-
elling of the heart despite continuing hypertension.

Although it is known that many of the immune cells
involved can be activated by the same pathological stimuli in-
ducing hypertrophy, the molecular interactions involved in
the crosstalk between immune cells and cardiomyocytes during
homeostasis and in pathology remain largely unknown. In par-
ticular, while it is likely that inflammatory cytokines such as
TNF-α, IL-1β, IL-6 and TGF-β, and neurohumoral factors like
Ang II and aldosterone are likely mediators of the crosstalk
during the pathogenic process and correlate with disease pro-
gression (Muller et al., 2002), their effect on target cells includ-
ing cardiomyocytes has not been investigated.

Myocardial infarction
Remodelling of myocardial tissue following MI can progres-
sively impair its contractile function, eventually leading to
heart failure (Hofmann and Frantz, 2015). Inflammation
and adaptive immunity play a major role in the pathogenesis
of cardiac remodelling after MI (Anzai et al., 2012). Following
MI, autoreactive T cells can be activated by presentation of
myocardial peptides by DCs (Hofmann et al., 2012). Hypoxia
consequent to ischaemia is a powerful activator of innate
immunity and DCs in particular, with the potential to initiate
autoimmune responses. Homeostatic mechanisms are in
place that can prevent the establishment of autoimmune in-
flammation, including the presence of Treg cells (Hofmann
et al., 2012) and anti-inflammatory macrophages (Anzai
et al., 2012). The failure of these protective mechanisms to
control the autoimmune response, with progression to heart
failure in some individuals, may be signalled by the presence

of autoantibodies against myosin heavy chain, troponins and
β1-adrenoreceptors in patients with DCMor heart failure with
a MI history (Kaya et al., 2012). Further information on the
role of T cells in MI can be found from a recent excellent re-
view (Hofmann and Frantz, 2016). Examples of immunologi-
cal and inflammatory processes in myocardial diseases,
including those mentioned above, are shown in Table 2.

Challenges in the therapeutic
modulation of adaptive immunity in the
heart: the myocarditis ‘paradigm’

Despite remarkable advances in understanding of the patho-
physiological mechanisms of myocarditis, no treatment
strategies aimed at eradicating the cause and progression of
the inflammatory process are available to date.

The acute management of myocarditis is largely depen-
dent on the severity of the illness at presentation. In severe
cases, admission to specialist centres of intensive care for
pharmacological or mechanical cardiovascular support or
heart transplantation may become necessary. Patients with
less severe illness can also be admitted to hospital for
management with diuretics, ACE-inhibitors and β-blockers.
Several animal studies of experimental myocarditis suggest
that treatment with ACE-inhibitors and β-blockers in the
short term reduces left ventricular (LV) mass andmyocyte ne-
crosis and improves survival. Antiviral therapy is indicated
when evidence of viral infection is available. Treatment with
IFN-α in patients with myocardial enteroviral or adenoviral
persistence and LV dysfunction showed an elimination of vi-
ral genomes in all patients and an improvement of LV func-
tion in clinical trials (Kuhl et al., 2003).

Immunosuppressive treatments should only be instigated
after infective causes of acute myocarditis are ruled out by
EMB. Treatment with immunosuppressive agents (cyclospor-
ine, prednisolone and azathioprine) in acute myocarditis is
controversial, although recent evidence suggests that immu-
notherapy can be effective for chronic, virus-negative inflam-
matory cardiomyopathy. Immunomodulatory treatments,
such as intravenous immunoglobulin, prednisone and aza-
thioprine, have led to improvement in left ventricular func-
tion in a small number of patients with acute fulminant
myocarditis, as well as in clinical trials in chronic heart failure
of many causes (Gullestad et al., 2001; Yu et al., 2014). In
GCM, immunosuppression by drugs such as cyclosporine
and azathioprine has been shown to lead to improved
outcomes (Kandolin et al., 2013). In CS, corticosteroid use is
often suggested, although a recent systematic review found
little evidence for this despite a suggestion that atrioventricu-
lar conduction is improved – also reported in many case
reports (Nery et al., 2012).

Manipulating the immune response in
heart inflammation: lessons from
transplantation
The recent advances in heart transplantation are largely
based on the understanding of T-cell-mediated acute
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Table 2
Myocardial diseases with examples of associated immunological and inflammatory processes

Inflammatory myocardial
disease Immunopathological factors References

Ischaemia-reperfusion
injury

• CD4+ T cells: rapid accumulation of CD4+ T cells soon
following reperfusion are associated with build-up of neutrophils
and the release of pro-inflammatory IFN-γ

(Yang et al., 2006)

• Mast cells: mast cells and their ensuing inflammatory response
contribute to IR injury as measured by serum IL-6 levels

(Bhattacharya et al., 2007)

• TLRs: there is also a role for these receptors in IR injury, for
example in mice with non-functional TLR4 there is a 40%
reduction in infarct size

(Nagao et al., 1992)

Myocarditis • Viral causes: the causative virus has evolved from enteroviral
myocarditis to non-enteroviral myocarditis (for example,
increasingly involving Parvovirus, Epstein–Barr Virus and
Hepatitis C Virus)

(Schultz et al., 2009)

• IL-17 A: there appears to be a critical role of interleukin-17
A in the progression to dilated cardiomyopathy

(Baldeviano et al., 2010)

• Th subtypes: higher percentage of CD4+ T cells and their
differentiation to a Th17 phenotype contributes to increased
susceptibility to murine autoimmune myocarditis

(Chen et al., 2012)

Cardiac allograft
rejection

• Blockade of CD40 and CD28 stimulation: Co-blockade decreases
the risk of heart allograft ejection through modifications to T cell
regulatory mechanisms

(Guillonneau et al., 2007)

• CCR4 receptor: critical role in NK T cell recruitment to cardiac
allografts which mediates chronic graft rejection

(Huser et al., 2005)

• CXCL10 receptor: plays a pivotal role in the initiation and
development of alloresponses leading to acute transplant rejection

(Hancock et al., 2001)

Sepsis-induced cardiac
dysfunction

• Cell adhesion molecules: Macrophages adhere to cardiomyocytes
via ICAM-1 to cause myocardial dysfunction via reactive oxygen
species and nitric oxide

(Simms and Walley, 1999)

• TLRs: TLR 2, 4 and 5 are expressed in cardiac muscle and play a
pivotal role on cardiac contractility in response to pro-inflammatory
molecules

(Boyd et al., 2006)

• NF-ĸB: a pleiotropic transcription factor involved in downstream
TLR signalling which is implicated with pro-apoptotic signalling in
the heart in relation to sepsis

(Brown and Jones, 2004)

Hypertension • Lymphocytes: lymphocyte activation contributes to sodium
retention through regulation of eNOS and COX-2 in the kidney
leading to hypertensive cardiac and renal injury

(Crowley et al., 2010)

• IL-17: binding of IL-17 to its endothelial cell receptor with
downstream eNOS phosphorylation contributes to endothelial
dysfunction and hypertension

(Nguyen et al., 2013)

• Isoketals: Highly reactive lipid-derived mediators that modify
dendritic cell proteins inducing CD8 T cell activation as well as
IL-17 A – known to elevate blood pressure

(Kirabo et al., 2014)

Cardiac hypertrophy
and remodelling

• Macrophages: a lack of macrophages as well as abundant
inflammatory cell infiltrate within the myocardium is associated
with earlier development of myocardial dysfunction in
hypertensive rats

(Zandbergen et al., 2009)

• IL-4: exerts pro-fibrotic effects via increasing the numbers
and augmenting the response of myofibroblasts leading to
the progression of cardiac fibrosis

(Kanellakis et al., 2012)

• Angiotensin II: induces vascular dysfunction, oxidative stress
and hypertension – requiring pro-inflammatory monocytes
for these effects

(Wenzel et al., 2011)

IR, ischaemia-reprefusion injury; NK T cell, natural killer T cell; ICAM-1, intercellular adhesion molecule-1; eNOS, endothelial nitric oxide synthase
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rejection and the development of immunosuppressive drugs
targeting crucial signalling pathways of T-cell activation.
These advances might provide viable alternatives for the
management of cardiac inflammation.

One of the characteristics of the adaptive immune system is
its ability to recognize a vast number of different antigens. This
ability is a consequence of the large lymphocyte repertoire, in
which each cell has a different antigen receptor generated by
the process of somatic recombination. Since the somatic recom-
bination is a random process, it generates T-cell clones that can
recognize self-structures or self-peptides (autoantigens). The
mechanism used by the immune system in order to avoid a pos-
sible harmful immune response against an individual’s own cells
and tissues is known as immune tolerance and can be classified
into central and peripheral tolerance. Immune tolerance in
transplantation is defined as a specific absence of a destructive
immune response – mediated by T cells that recognize alloanti-
gens – to a transplanted tissue without immunosuppression.
Operative criteria are the complete withdrawal of immunosup-
pression followed by no evidence for rejection for the
transplanted organ for over 1 year. In humans, this is character-
ized by specific in vitro non-responsiveness to the donor.

The mammalian target of rapamycin (mTOR) is a regula-
tor protein playing an important role in growth factor-driven
proliferation of T lymphocytes, and in transplantation
models, mTOR inhibition has been shown to promote the de-
velopment of immunological tolerance. Recently, a combina-
tion of a reduced cyclosporine dose with mTOR inhibitors
(sirolimus or everolimus) has allowed the effective preven-
tion of acute cellular rejection, while reducing the severity
of side-effects including renal dysfunction (Kushwaha et al.,
2005) and malignancies (Kauffman et al., 2005).

CD28 is an important co-stimulatory molecule involved
in T-cell proliferation at the time of antigen recognition. This
suggests that inhibition of CD28/B7 T-cell co-stimulatory re-
ceptors may present a highly specific way of immunosuppres-
sion (Adams et al., 2001). In animal models, inhibition of
CD28 results in reduced T-cell proliferation and prolonged
graft survival. Belatacept is a humanized immunoglobulin
detecting a human homologue of CD28 and has been ap-
proved by the US Food and Drug Administration for use in re-
nal transplantation based on its non-inferiority to standard
cyclosporine combination therapy (Archdeacon et al.,
2012). More recently, Treg cells were shown to suppress im-
mune response to foreign antigens in the context of trans-
plantation (Wood and Sakaguchi, 2003) and, therefore, may
mediate prevention from rejection.

Recent clinical and experimental studies have shown that
non-conventional immunosuppressive therapy might be
effective in controlling T-cell-mediated chronic myocardial
inflammation. For example, the use of cannabidiol has been
proposed to reduce T-cell inflammatory response and injury
in myocarditis (Lee et al., 2016). In addition, systemic appli-
cation of mesenchymal stromal cells in inflammatory cardio-
myopathy exerts beneficial effects (Savvatis et al., 2012).
Finally, IL-6 receptor blockade exerts cardiac beneficial
effects by antiviral and immunomodulatory actions after in-
duction of an acute murine CVB3 virus myocarditis
(Savvatis et al., 2014).

Importantly, experimental models have shown that oper-
ational T-cell tolerance can be induced in myocarditis.

Specifically, genetically susceptible mice tolerized to cardiac
myosin failed to develop chronic myocarditis following viral
infection (Wang et al., 2000; Fousteri et al., 2011). Similarly, it
has been reported that suppression of the adaptive immune
system can attenuate hypertension in experimental animals
and in humans (Tian et al., 2007). Activation of the Ang II re-
ceptor in T cells has been associated with the development of
hypertension and end-organ damage, an effect prevented by
AT1 receptor antagonists (Kassan et al., 2013). An imbalance
in Treg cell activity has been hypothesized to contribute to
the immunopathogenesis of hypertension supported by the
observation that infusion of Treg cells, which promote
endothelium-dependent relaxation in coronary arterioles,
has a therapeutic effect in experimental models of hyperten-
sion (Kassan et al., 2013). The latter observations have led to
the suggestion that replacement of Treg cells by infusion
may represent a new therapeutic strategy for the treatment
of cardiovascular diseases, and that these cells could repre-
sent an important and highly promising new target for mod-
ifying cardiovascular pathophysiology (Kassan et al., 2013).

It is important to carefully consider the feasibility of in-
fusing Treg cells in clinical studies. Use of these cells requires
careful separation (usually by FACS or immunomagnetic sep-
aration) and then expansion by cell culture. There have al-
ready been a number of preliminary safety and dose
optimization clinical trials, mainly in the field of graft versus
host disease (GvHD) (Trzonkowski et al., 2013). In the con-
text of GvHD, the use of Treg cells is either for prophylaxis
or treatment of chronic GvHD. Closer to the field of cardiac
transplant, a trial of of Treg cell infusions in non-human pri-
mate heart transplantation has recently been published
(Ezzelarab et al., 2016). Interestingly, survival of the graft
was longest in the control primates and shortest in those
who had received multiple transfusions of Treg cells. The
transfusions occurred during the early post-transplant period
(up to 30 days) and was associated with an increase in pro-
inflammatory cytokines, recipient CD8+ T cells and effector
T memory cells. These findings are at odds with murine
models of transplantation where infusion of Treg cells im-
proved graft survival (Golshayan et al., 2007). The authors
of the primate cardiac transplant study suggest that one rea-
son for this discrepancy might be that the Treg cells lose their
characteristic FoxP3 expression and then differentiate into
Th1 and Th17 subtypes. Although the authors did not dem-
onstrate reduced FoxP3 expression, cytokines such as IFN-γ
and IL-6, which have been shown to destabilise Treg cells,
were elevated (Kimura and Kishimoto, 2010).

Towards cardio-selective
immunosuppression
A key event in the adaptive immune response is the migra-
tion of activated T cells to antigen-rich inflammatory sites.
By possessing a unique set of adhesion molecules and
chemokine receptors – the ‘homing’ receptors – distinct
activated T-cell populations are able to interact with organ-
specific endothelial cells and are recruited to distinct target
tissues (Butcher and Picker, 1996; Mora and von Andrian,
2006). For example, lymphocyte trafficking to the intestinal
lamina propria is mediated by the interaction between
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intestinal mucosal addressin cell adhesion molecule-1
expressed by gut endothelium and lymphocyte α4β7
integrin (Berlin et al., 1993), and T-cell migration to the
skin is promoted by cutaneous lymphocyte-associated
antigen interaction with vascular E-selectin with the
involvement of chemokine–receptor pairs CCR4–CCL17,
CCR10–CCL27 and CCR8–CCL1 (Sigmundsdottir and
Butcher, 2008; McCully and Moser, 2011).

Besides homing to the gut and skin, it has been challeng-
ing to identify unique tissue-homing signatures to other solid
organs including the heart. The chemokine receptors CCR4
(Huser et al., 2005) and CXCR3 (Hancock et al., 2001) contrib-
ute to T-cell accumulation during heart transplant rejection.
We have recently uncovered a molecular mechanism of in-
duction of T-cell cardiotropism. We found that engagement
of the hepatocyte growth factor (HGF) receptor c-Met by
heart-produced HGF during priming in the lymph nodes
(LNs) instructs T-cell cardiotropism, which was associated
with a specialized homing ‘signature’ (c-Met+CCR4+CXCR3+)
(Komarowska et al., 2015). T-cell priming is the process by
whichmature naïve T cells are activated by their specific anti-
gen and begin their process of differentiation. HGF is
expressed by healthy heart tissue and transported to local
draining LNs. Inside heart draining LNs, HGF binds to c-Met
on naive T cells, inducing higher expression of c-Met itself
and of the chemokine receptors CCR4 and CXCR3. Trigger-
ing of c-Met was sufficient to support cardiotropic T-cell recir-
culation, while CCR4 and CXCR3 sustained recruitment
during heart inflammation. The expression of the chemokine
receptors, CCR4 and CXCR3, can mediate T-cell homing to
other sites of inflammation as well, although co-expression
of these receptors is unusual in non-cardiotropic T cells
(Komarowska et al., 2015).

In steady state conditions, engagement of c-Met induces
autocrine release of β chemokines, which favour T-cell re-
cruitment via their receptor CCR5. Under inflammatory con-
ditions, cardiac tissue releases higher levels of the HGF and
chemokines CXCL10 and CCL4, which facilitate HGF-
primed T cells recruitment to the heart (Komarowska et al.,
2015). Importantly, transient blockade of c-Met with a low
MW inhibitor during T-cell priming led to substantially en-
hanced heart, but not skin, allograft survival associated with
impaired localization of alloreactive T-cells to the heart grafts
without tolerance. A humanized in vivo model showed that
HGF/cMet-induced T-cell cardiotropism is also functional in
the human system. In addition to providing an ‘identity’ to
T cells mediating immunity in the heart – a potentially valu-
able diagnostic marker – these findings define a novel heart-
selective T-cell area code and provide a conceptual framework
for the development of cardio-selective immunomodulation.

Concluding remarks
Numerous studies over the years have defined the immuno-
logical pathways that determine the progression of environ-
mental and endogenous stimuli to chronic autoimmune
inflammation of the heart and will allow predicting the even-
tual outcome of cardiac inflammation. The main challenge
remains to determine, at the earliest stages, when an immune
response has exceeded the boundaries of physiological

homeostatic immunoregulation and is progressing towards
chronic inflammation. Recognition of patients at risk of this
process before irreversible damage has occurred will be crucial
to interrupt the pathological process. Novel biomarkers are
needed that warn of a pathogenic deviation from immuno-
logical homeostasis. The identification of immunological pa-
rameters including the imbalance between Th17 and Treg

cells, the presence of certain pro-inflammatory cytokines
and the definition of cardiotropic T cells in experimental
models have the potential to become invaluable diagnostic
and prognostic markers as well as therapeutic targets, once
they have been validated in human pathology.
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